Abstract The immature disc nucleus pulposus (NP) consists of notochordal cells (NCs). With maturation NCs disappear in humans, to be replaced by chondrocyte-like mature NP cells (MNPCs); this change in cell phenotype coincidences with early signs of disc degeneration. The reasons for NC disappearance are important to understand disc degeneration, but remain unknown, yet. This study investigated, whether loading induced a change from a notochordal nucleus phenotype to a chondrocyte-like one. An in vivo disc compression model with fixateur externe was used in 36 mature rabbits. Discs were compressed for different time periods (1, 28, 56 days), and compared with uncompressed control discs (56 days without treatment), and discs with sham compression (28 days). Nucleus cell phenotype was determined by histology and immunohistochemistry. NCs, but not MNPCs highly expressed bonemorphogenetic-protein 2 and cytokeratin 8, thus NC and MNPC numbers could be determined. A histologic score was used to detect structural endplate changes after compression (28 days). Control and sham compressed discs contained around 70% NCs and 30% MNPCs, to be decreased to \10% NCs after 28-56 days of loading. NC density fell sharply by [50% after 28-56 days of compression (P \ 0.05 vs. controls). Signs of decreased endplate cellularity and increased endplate sclerosis and fibrosis were found after loading. These experiments show that NCs were less resistant to mechanical stress than MNPCs suggesting that increased intradiscal pressures after loading, and limited nutrition through structurally altered endplates could instigate the disappearance of NCs.
Introduction
The intervertebral disc (IVD) consists of the central nucleus pulposus (NP), and the surrounding annulus fibrosus (AF). Cells of the disc vary with the anatomical site within the disc. In the outer AF, cells are predominantly fibroblast like and towards the inner annulus the cell phenotype is more chondrocytic [12] . The NP contains at least two different cell types; their distribution depends on the developmental stage of the human disc. In immature human discs, the NP consists of notochordal cells (NCs), which are remnants from the embryonic notochord [5, 9, 34, 39, 44] . NCs are important for the disc development, and it is acknowledged that NCs are the original cell population of the NP. In humans, NCs disappear with disc maturation, to be replaced by chondrocyte-like NP cells; the mature NP cells (MNPCs). Therefore the mature human disc is largely devoid of NCs.
Cell morphology of NCs and MNPCs is different [21] ; NCs are larger and contain intracellular vacuole-like structures of yet unknown content [22] . As these vacuoles vary in size and numbers per cell, NCs are heterogeneous [18] . NCs are important to maintain the nucleus hydration and its fluid-like consistency [30] , and stimulate surrounding MNPCs to increased extracellular matrix proteoglycan (ECM) production [1, 6] . They also appear to produce higher amounts of ECM themselves [27] . A stimulatory effect of NCs has been determined recently in several in vitro cell culture studies; Oegema et al. [1] hypothesised that NCs secrete a soluble factor, and recently identified the connective tissue growth factor to stimulate surrounding MNPCs [10, 11] .
In humans, NCs are believed to disappear around the age of 10, when the disc becomes fibrous, and first signs of disc degeneration occur [29] . NCs persist throughout life in rodents, and non-chondrodystrophoid dogs. These dogs rarely develop spinal disorders; conversely chondrodystrophoid dog species lose NCs during disc maturation, and these species often develop spinal disorders [4] ; such observations support the idea that NCs defend the disc from degeneration, in agreement with the findings that first signs of human disc degeneration develop around the time, when the change in nucleus cell phenotype from notochordal to chondrocyte-like occurs [30] .
Therefore, the reasons for the disappearance of NCs are important to understand disc degeneration, but are not fully investigated, yet. Some observations support the idea that low nutrient levels could be involved in the disappearance of NCs. The avascular disc is connected by two endplates to the adjacent vertebral bodies, and the nutrition of the disc cells arises predominantly from the endplate vasculature [3] . Thus, a gradient of nutrient availability builds up from endplate to nucleus with lowest levels towards the nucleus centre [15] . In humans, NCs disappear when structural changes in the endplate occur, leading to lower endplate vascular supply [7, 37, 45] . This suggests that a consequent fall in nutrient supply might be involved in the NC disappearance from human discs. Recently, this was supported by in vitro cell culture experiments showing that NCs indeed have higher nutritional demands and less resistance to nutritional stress than MNPCs [18] .
Nutritional stress is probably not the only reason for the disappearance of NCs from human discs. As IVDs, and the human IVD in particular, are exposed to mechanical forces during daily activities with high intradiscal pressure values [28, 46] , mechanical forces could influence the cellular composition of the NP [2, 38] . Thus, the current study investigated whether mechanical disc loading influenced the distribution of NCs in mature rabbit discs rich of notochordal tissue. This study could help in understanding whether mechanical forces affect the cellular composition of the NP in vivo, and whether mechanical loading could instigate the disappearance of nucleus NCs.
These experiments were performed using an established animal model of disc compression; an external compression device was used to produce a mono-segmental compression in NC-rich discs, and cell densities of NCs and MNPCs were determined in untreated control discs, discs with temporary disc loading, and discs with temporary sham disc loading. NCs were detected by immunohistochemistry that took advantage of the abundant protein expression of cytokeratin 8 [14] and bone-morphogenetic proteins (BMPs) [26, 47] in NCs but not in MNPCs. The results of this study found a decrease in cell densities of NCs, whereas an increase in MNPCs was detected after temporary disc loading, supporting that mechanical stress indeed contributes to the disappearance of NCs.
Methods

Study population
For this in vivo study, 36 female New Zealand white rabbits (skeletally mature, at least 6 months old, weight 3.5-4.2 kg) were approved by the Institutional Review Board of the Animal Experimentation Committee (Regierungspräsidium Karlsruhe, Germany). The animals were randomly assigned to the following groups [31]:
1. control group: no treatment for 56 days; non-degenerate lumbar discs (n = 6), 2. 1-day compression group (n = 8), 3. 28-day compression group (n = 8), 4. 56-day compression group (n = 8), 5. 28-day sham compression group (n = 6).
As a study limitation, it should be noted that no sham compression of 1 day and 56 days was done.
Surgical procedure
The animals underwent surgery as initially described by Kroeber et al. and adopted by others recently [16, 24, 31] . Briefly, under general anaesthesia, a dorsal approach to the lumbar spine was done in supine animal position. A custom made external loading device (Fig. 1a) was attached to vertical pins and horizontal K-wires, which were inserted into the upper and lower adjacent vertebral body. A spring within the loading device produced a high-disc compression force (disc L3/L4; *2.4 MPa, or 200 N external loading) during daily activity of the animal (Fig. 1b) . In the control group, healthy discs were obtained after 56 days without treatment; the sham compression group underwent surgery with attached, but unloaded compression device, resulting in a temporary segmental immobilization without disc compression [16] .
Standard histology
After reaching the endpoint, animals were killed, and discs were dissected out for histological evaluation. Discs were fixed in formalin 4%, serially dehydrated in ethanol and embedded in paraffin; 5 lm mid-transverse sections were obtained for appropriate nucleus analysis [16, 31] ; In addition, to determine disc height and the structure of the nucleus and endplates, 10-lm vertical sections of the disc segment including adjacent vertebral bodies were obtained (see ''Immunohistochemistry for BMP-2 and cytokeratin 8''). Sections were stained with haematoxilin and eosin (H&E); Although in H&E staining, it was possible to differentiate between notochordal and non-notochordal nucleus tissue, it was difficult to identify single cell borders, and thus, impossible to count cells.
Immunohistochemistry for BMP-2 and cytokeratin 8
Additional immunohistochemistric analysis was done for quantitative cell counts. As there is no definitely accepted marker for NCs, a panel of proteins that are highly expressed in human NCs (including several cytokeratin 8, 18, 19, BMP-2, and galektin-3) [26, 47] were extensively pre-tested in rabbit tissue. Finally, immunohistochemistry for BMP-2 (BMP-2 CTS007, R&D Systems) and cytokeratin 8 (Zytomed, Berlin, Germany) was found appropriate to determine the phenotype of rabbit nucleus cells, i.e. whether nucleus cells were rather notochordal or chondrocyte like. The analysis was done stepwise: First H&E staining and BMP-2 immunohistochemistry was used for a semi-quantitative analysis of the total nucleus structure. This analysis evaluated the presence of nucleus areas with abundant BMP-2-positive NCs in tissue: This analysis was done by two blinded examiners (intraobserver accuracy 100%).
Secondly, the cytokeratin 8 immunohistochemistry (including cell nucleus counter stain) was used to determine cell densities (cells/nucleus square) of cytokeratin 8-positive NCs, cytokeratin 8-negative MNPCs, and total nucleus cell density (NCs ? MNPCs). This method was adopted from a recent report in porcine discs [32] , and here modified and established for rabbit disc tissue. For quantitative analysis, several representative nucleus areas were chosen, where cells were not aggregated to cell clusters. MNPCs were identified by cell nucleus counter stain in the absence of positive cytokeratin 8 staining. Cells were counted, and the ratio of NCs to MNPCs was determined together with absolute cell numbers. Cytokeratin 8-positive cells were also positive for COL-2 (not shown) and BMP-2. A few cells with weak, diffuse staining were not clearly to identify, and therefore not included in the analysis.
Endplate morphology
Recently, endplate changes after temporary loading have been reported in radiographs [40] and MRIs [31] ; such structural endplate alterations after temporary compression could limit nutrient flow to the nucleus cells. Consequently, a low nutrient availability could affect nucleus cell morphology and survival in addition to the increase in hydrostatic pressure during compression. To gain further information about endplate changes, after temporary compression, 10-lm vertical sections of discs with endplate and vertebral bodies were obtained. Sections were stained with H&E, and cartilage endplate morphology was determined in control discs and discs after temporary disc compression (28 days). As a limitation, we were unable to perform additional endplate analysis after 56 days of compression. A semi-quantitative score of endplate degeneration was adopted from a recent report, and included sclerosis, fibrosis and cellularity of endplates (0-2 points; 0 indicating no sclerosis/fibrosis/cellularity, 2 indicating abundant sclerosis/fibrosis/cellularity) [32] .
Statistics
Typically, numbers were given as mean with standard error of the means (SEM). A statistical power analysis was adopted from recent studies using this animal model; a group size of n = 6 was found appropriate. Where appropriate statistical tests were done to show differences between the treatment groups; no normal distribution of data was found in the different groups; thus, a non-parametric statistical test was done (Mann-Whitney U test). Excel and SPSS 11.0 were used for statistical analysis.
Results
Animal population
Thirty-four out of 36 animals completed the study without complications. As major surgical complication, one animal developed postoperative incomplete back hint paralysis, and another animal showed auto-aggressive behaviour. Both animals of the 56 days compression group had to be euthanized prior to completion of the study, resulting in n = 6 in this group.
Histology and immunohistochemistry of the disc
Histology
At low magnifications, H&E sections of the discs showed that both control and sham control nucleus consisted of highly vacuolated notochordal tissue, including areas without considerable cellular or tubular structures, and areas with densely clustered cells (Fig. 2a) . Following temporary compression of 28 and 56 days, the vacuolated tissue tended to disappear, and the nucleus became more fibrous; similarly the disc height was notably reduced after temporary disc compression (Fig. 2b) .
Immunohistochemistry for BMP-2 (Fig. 3e, f) BMP-2-positive cells were arranged in cell clusters, typical for NCs. The semi-quantitative analysis of the total nucleus structure showed that both control and sham control nucleus consisted largely of areas with abundant NCs (n = 6 each group; 6 ??NC; 0 ?NC; 0 -NC). After temporary compression of 1 day, no obvious change in nucleus cell morphology occurred (n = 8; 8 ??NC; 0 ?NC; 0 -NC). After temporary compression of 28 days, the nucleus areas with abundant NCs were notably diminished (n = 8; 1 ??NC; 7 ?NC; 0 -NC), to be further reduced after temporary disc compression of 56 days; here 50% of animals were devoid of areas with NCs (n = 6; 1 ??NC; 2 ?NC; 3 -NC).
Immunohistochemistry for cytokeratin 8 (Figs. 3a-d, 4)
In controls, 70 ± 6.8% of cells was cytokeratin 8-positive NCs (Fig. 3a) . Almost similar numbers were found in the sham compression group (64 ± 3.7% NCs, P [ 0.05 vs. controls) and after disc compression of 1 day (73 ± 1.6% Fig. 2 Low magnification (a, b) and higher magnification (c, d) vertical sections of intervertebral discs; H&E staining. a An untreated control disc with the typical vacuolated notochordal nucleus (bar 500 lm). b An intervertebral disc after temporary disc compression of 56 days and illustrates differences to control discs, with a reduction in disc height and a more consolidated nucleus pulposus devoid of the typical notochordal nucleus structure (bar 500 lm). c Control endplates and d structurally altered endplates after 28 days of compression NCs, P [ 0.05 vs. controls). However, after disc compression of 28 and 56 days, the percentage ratio of NCs fell considerably (28 days: 13 ± 3.6%, P \ 0.01 vs. controls; 56 days: 12 ± 5.4% NCs, P \ 0.01 vs. controls; Fig. 3b,  c) . The cell density analysis is shown in Fig. 4 . It should be noted that after temporary disc compression, total nucleus cell numbers considerably decreased; after 56 days the cell density fell to \50% initial numbers, indicating significant cell death after compression. Interestingly, cell numbers of cytokeratin 8-negative MNPCs increased significantly after disc compression of 28 days (P \ 0.05 vs. controls), and after 56 days (P [ 0.05 vs. controls). However, the cell density of cytokeratin 8-positive NCs fell to \20% of control levels after disc compression of 28 and 56 days (P \ 0.01 vs. controls). No cytokeratin 8-positive cells were found in the AF, irrespective of the treatment group (Fig. 3d ).
Endplate analysis (Fig. 5) This histological analysis examined n = 5 endplates in the control group, and n = 5 endplates after temporary compression of 28 days. In control endplates, the chondrocyte cell layers were well organised with a high cellularity; only minor endplate sclerosis and no endplate fibrosis was found (Fig. 2c) . However, the endplates were more structurally disorganised after temporary compression (Fig. 2d) , and the semi-quantitative endplate analysis found a trend to decreased endplate cellularity and increased sclerosis and fibrosis. In details, fibrosis increased from 0 (controls) to 0.4 ± 0.25 (compression; P [ 0.05), sclerosis increased from 0.6 ± 0.25 to 1.0 ± 0.32 (P [ 0.05), and cellularity decreased from 2 to 1.4 ± 0.25 (P [ 0.05; Fig. 5 ).
Discussion
To gain information on why NCs are not maintained in the NP of human and some animal discs, it was investigated whether mechanical disc loading contributes to the disappearance of NCs from mature, NC-rich rabbit discs. The effects of mechanical loading were analysed by adopting an established in vivo rabbit model of disc compression [16, 17, 24, 31] . With the standard histology and immunohistochemistry, the nucleus cell phenotype was determined, and cell numbers for NCs and MNPCs were analysed after temporary disc compression. The results showed that the nucleus of mature rabbits consisted of approximately 70% cells with notochord phenotype and 30% MNPCs without notochord phenotype, similar to mature porcine discs [32] . After temporary disc compression, \10% of the cells continued to express notochordal phenotype, demonstrating a notochord regression after mechanical loading. This was supported by a previous report showing a nucleus notochord regression after abnormal spinal loading, induced in a bipedal mice model with abnormal upright animal standing [19] .
Notochord regression: is increased hydrostatic pressure one key factor?
During temporary disc compression in this model, the intradiscal pressure increased from physiological levels of 0.3-0.9 MPa [17] . Compression of a notochordal-rich nucleus is known to result in stress redistribution, with a compacted peripheral nucleus area leading to a notochordal replacement by fibrocartilage tissue in response to the loading [25, 33] . The current results demonstrate that disc compression of 1 day did not significantly influence cell densities of NCs, indicating that NCs could survive at *0.9 MPa for a short time period, although regulative processes began after 1 day of compression, as previously indicated by gene expression analysis [32] . In humans, intradiscal pressure experiments found that mechanical stress by upright body position increased intradiscal pressure values. Studies by Nachemson et al. [28] and Wilke et al. [46] showed a wide variation of lumbar intradiscal pressures in vivo during different body positions from 0.1 MPa during lying prone, to 0.5 MPa during standing, and to 2.3 MPa during lifting a 20-kg weight. This indicates that intradiscal pressure varies both after experimental disc compression in rabbits and in response to different body positions in humans. Although the current experimental results show that experimental mechanical stress led to a loss of NCs, it should not necessarily be concluded that human upright body position with an associated increase in intradiscal pressure is ultimately involved in the regression of NCs from human discs. Similarly, spinal disorders were also observed in quadrupeds [4] such as chondrodystrophoid dogs [4] , and the variation in intradiscal pressure may also lead to increased nutrition of the disc by means of active pumping mechanisms [42] .
Mechanisms of notochord regression: is cell death or (de)differentiation the key factor?
To determine whether NCs die by necrosis or apoptosis, or (de)differentiate into cells not showing a notochordal phenotype anymore, we determined total cell densities and adopted apoptosis data from previous studies showing an approximately fourfold increase in apoptotic cells after 28 days of compression [24] . However, in those studies, it remained unclear whether NCs and/or MNPCs underwent apoptosis. The current results show that NC numbers, as well as total cell numbers, fell significantly after temporary loading (Fig. 4) . Conversely, MNPC numbers tended to increase after compression showing that NCs were less resistant against mechanical stress than MNPCs. Moreover, this could also indicate that mechanical stress induced a transformation of cells with typical notochordal phenotype to cells that resemble more chondrocytes without typical notochord protein expression and morphology. The speculation that the fate of NCs involves a phenotype change to MNPCs, as indicated by others recently [8, 21] , is supported by a chondrogenic differentiation found in chordoma, a NC tumour [13] . Thus, supporting the current cell density measurements, mechanical stress could indeed induce a morphologic change from NCs to MNPCs, in agreement to a recent in vivo study showing that all cell types in the adult mouse NP, including morphologically MNPCs, were derived from the notochord [8] . More experimental work is required considering this important topic and the current study cannot give definite answers to these question; more studies are needed, including the search for definite notochordal disc markers.
Mechanisms of notochord regression: is malnutrition the key factor?
After temporary disc loading, NCs could disappear due to the continuous increase in intradiscal pressure during compression (from 0.3 to 0.9 MPa [17] ). The current 1-day results showed that NC densities were unaffected indicating that NCs could survive under such conditions for at least 1 day. Despite the fact that 56 days of compression probably affects the NC viability, this indicates that other factors may influence the disappearance of NCs, too. A recent study showed that limited nutrient supply affects NC survival in vitro cell cultures, and that NCs were more vulnerable to nutritional stress than MNPCs [18] . In addition, this study found higher endplate porosity in notochordal discs than in non-notochordal discs, indicating that discs with higher endplate porosity tended to maintain NCs. As a decreased endplate porosity hinders the nutrient transport from the endplate vasculature to the nucleus cells [20, 36, 41, 43] , the current study explored endplate structures after temporary disc compression, and indeed histological results found moderate structural changes such as endplate fibrosis and sclerosis (Fig. 2) . This is in agreement with the previously reported endplate sclerosis in X-rays [40] and MRIs [17] after temporary disc compression. In addition, as a speculation, the endplate vasculature itself could be compressed by the external fixateur, which would further limit the blood and nutrient flow. Thus, both the demonstrated structural endplate changes and the fixateur-related endplate vasculature compression could limit the nutrient supply for NCs, and therefore instigate the disappearance of NCs. Therefore, a systematic investigation into endplate structure in species with discs of different NC content is warranted.
Effect of spinal immobilisation on nucleus cell phenotype
The results after temporary sham compression were remarkable, as this partial immobilisation of the spinal segment [16] did not affect cell densities of NCs, which is in agreement with the other results after temporary sham compression [16, 24, 31] . However, both mechanical overload and immobilisation are believed to cause disc degeneration. Immobilisation of the spine could cause tissue degradation by reduced cellular activity [35] , or altered metabolite transport [42] . In vivo experiments with a Ilisarow-type fixateur further supported that both immobilisation and compression produced similar biomechanical changes though after immobilisation the magnitude of changes was lower, and changes occurred slower [23] , indicating that longer temporary immobilisation also could have affected NC densities.
Study limitations
Previously, changes after disc compression have been described including a reduction in disc height [24] , disc hydration [16] , intradiscal pressure [17] , and changes in the protein and gene expression of disc constituents, and regulative factors [31] . As these experiments and other animal studies were performed in discs that were anatomically different from mature human discs, i.e. still contain NCs [2, 16] , a limitation again should be noted that those changes after disc compression were at least partially influenced by the loss of NCs, as shown in the current study. The disc dehydration with decreased intradiscal pressures [17] and MRI signal intensity [16] was probably related to the regression of NCs with consequent fibrocartilage replacement.
Further limitations of this study should be noted. Owing to methodical reasons, we were unable to perform an additional endplate analysis after temporary compression of 56 days. In consideration of the moderate changes of endplates after 28 days, possibly more severe endplate changes would be present after longer compression. Further, the study power would have been higher if a 7-day compression interval could have been included.
Conclusions
The disappearance of NCs from the NP is important, as NCs protect the disc from degeneration. The few available data and the current study results all support the notion that the regression of NCs is complex and multifactorial. The current results demonstrate that both mechanical stress and structural endplate changes could instigate NC disappearance. This gain in understanding of notochord regression, and further studies addressing the mechanisms and the fate of NCs, will improve the pathophysiologic knowledge of disc degeneration, and might lead to new strategies to prevent and treat disc degeneration.
